The homothallic ascomycete AspergiUlus nidulans produces two types of pigmented spores: conidia and ascospores. The synthesis and localization of the spore pigments is developmentally regulated and occurs in specialized cell types. On the basis of spectroscopic evidence, we propose that the major ascospore pigment of A. nidulans (ascoquinone A) is a novel dimeric hydroxylated anthraquinone. The structure of ascoquinone A, as well as a comparison to model compounds, suggests that it is the product of a polyketide synthase. Previous studies have revealed that the conidial pigments from A. nidulans and a related Aspergillus species (A. parasiticus) also appear to be produced via polymerization of polyketide precursors (D. W. Brown, F. M. Hauser, R. Tommasi, S. Corlett, and J. J. Salvo, Tetrahedron Lett. 34:419-422, 1993; M. E. Mayorga and W. E. Timberlake, Mol. Gen. Genet. 235:205-212, 1992). The structural similarity between the ascospore pigment and the toxic anthraquinone norsolorinic acid, the first stable intermediate in the aflatoxin pathway, suggests an evolutionary relationship between the respective polyketide synthase systems.
Melanins are high-molecular-weight colored materials formed by the oxidative polymerization of phenolic compounds. The phenolic precursors are frequently derived from polyketide products, as well as tyrosine (47). Numerous bacteria and fungi produce melanins (pigments) that may be incorporated into their cell walls or secreted into the culture medium (5, 37) . In either case, these polycyclic aromatic materials eventually accumulate in the soil humus, where they play an important role in soil chemistries (34, 45) . While both extracellular and intracellular melanins can inhibit hydrolytic enzymes secreted by soil microorganisms (47), the melanins found in cell walls can serve a variety of other functions as well. For example, the melanin matrix has been shown to enhance the structural rigidity of the cell wall, lead to cross-linked hyphae (23, 30) , and provide resistance against environmental stress. Specifically, colorless (hyaline) conidia from a variety of fungi are known to be more sensitive to UV irradiation, extreme temperatures, and desiccation (39, 47) . The presence of stable paramagnetic species in a number of fungal pigments has led to the proposal that they can protect spores from reactive free radicals produced through biotic and abiotic processes (21, 28, 29) . Polak (35) has suggested that melanins act as a shield against immunologically active cells.
The Aspergillus asexual and sexual processes of sporulation usually culminate in the production of yellow, green, red, or black pigmented conidia and ascospores (36, 40) . In particular, the homothallic ascomycete Aspergillus nidulans produces two types of pigmented spores. Green, asexually generated conidia are produced as long chains by aerial conidiophores within 18 h after spore inoculation, while red, sexually generated ascospores develop within spherical cleistothecia over a much longer period (7 to 10 days) (2, 36) . The specific function of these melanins is unknown, although the presence of the green conidial pigment is positively correlated with increased resis-tance to UV light (31) . In the present report, we describe the isolation and structural elucidation of the major ascospore pigment of A. nidulans, which we designate ascoquinone A.
MATERMILS AND METHODS
Fungal strains and culture conditions. A. nidulans FGSC A377 (riboAl yA2 adE20) and FGSC A691 (biAl niaD15) were used to prepare pigment extracts. Fungal strain stocks were stored at -80°C as conidial suspensions in storage buffer (20% glycerol, 1% NaCl, 0.1% Triton X-100). All Ascospore production. Ascospores were generated and harvested essentially as previously described for conidia (12 reverse-phase column. The materials were eluted with a linear gradient of acetonitrile-water (5/95% to 100/0%, acidified with 0.1% trifluoroacetic acid), and UV-visible light absorbance spectra were collected between 220 and 550 nm with a photodiode array detector. Integrated peak areas at a single wavelength were used to estimate the relative amount of a specific material present per injection. Samples for preparative HPLC were loaded onto a Nest Group C-18 reverse-phase column (2 by 25 cm) and eluted with a linear gradient of acetone-water (45/55% to 95/5%). Peaks were monitored at 435 nm with a Waters 481 LC spectrophotometer, and fractions were collected (11). NMR spectroscopy. 'H (300 MHz) and '3C (75 MHz) nuclear magnetic resonance (NMR) spectra were recorded with a General Electric QE-300 spectrometer. All spectra were obtained in dimethyl sulfoxide-d6 and referenced to residual dimethyl sulfoxide-d5.
RESULTS
Time course of pigment production. Production of ascospore pigments was monitored for 3 weeks during cleistothecial development and maturation. Plate cultures at 36 h consisted mainly of mycelia, asexual conidiophores, and conidia; extracts at this point were colorless. Cleistothecial primordia appeared in the plate culture after about 2.5 days (23), and plate extracts at 3, 4.5, and 6 days were orange. HPLC analysis of the pigments revealed a family of materials with similar UV-visible light spectra (Fig. 1A) . On day 7, two red pigments with UV-visible light spectra significantly different from those of the orange materials appeared (Fig. 1B) (11) .
The orange pigments (vide infra), interascos A, B, and C, contained a total of three to four hydroxylic protons (on the basis of comparison to model compounds or, in the case of interasco A, deuterium exchange), of which two appeared to be hydrogen bound. Unfortunately, the low level of accumulation of the interasco pigments prohibited further structural analysis.
Extracts prepared from cultures at least 7 days old contained primarily two red pigments, ascoquinones A and B. Each contained many hydroxylic protons, several of which appeared to be hydrogen bound (Table 1) . Ascoquinone B contained three fewer resonances than ascoquinone A (the methylene protons and two hydroxylic resonances were absent), suggesting that it is more unsaturated or contains monovalent substituents.
The isolation procedure afforded a sufficicnt quantity of the major red pigment, ascoquinone A, for NMR (IH and '3C) and mass spectroscopy (MS). 'H NMR analysis indicated the presence of five hydroxylic protons (these resonances disappeared upon D,O exchange), two protons in the aromatic region, and two methylene protons. The '-3C NMR spectrum revealed 15 carbon resonances with chemical shifts consistent with a hydroxylated anthraquinone ( Fig. 2A) (10, 13, 22 ). [16] ), together with chemical shift arguments, allowed the relative positions of the protons and hydroxyl groups around the anthraquinone nucleus to be established (Fig. 2B) . The lack of a coupled hydroxymethyl group strongly suggested a dimer via an ether linkage (Fig. 3A) (11, 26) , which was further supported by MS results.
Two-dimensional 'H NMR analysis (COSY and NOESY
Our past experience with other hydroxylated aromatic fungal metabolites suggested that conventional MS techniques would be of little use with this class of compounds. Previously, we had found that neither fast atom bombardment MS nor electron impact MS generated molecular ion species with parasperone A (11). However, field desorption MS of underivatized parasperone A did produce a signal sufficient for low-resolution molecular weight determination. Field desorption MS analysis of ascoquinone A was also successful and identified a low-resolution molecular ion at 619.0 ni/e (M+ + 1). The molecular weight is in close agreement with the calculated mass of 618. 5 (23) . 'H NMR analysis of the putative orange and red ascospore pigments indicated that they are structurally related ( Table 1) . The proposed nucleus (anthraquinone) shared by all of the pigments is depicted in Fig. 3C . Because the orange pigments appear to be structurally similar to the red pigments, these materials may represent intermediates in the biosynthesis of the final red pigments. However, we cannot formally rule out the possibility that they are mycelial pigments or secondary metabolites that were present in the agar medium surrounding the cleistothecial primordia.
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C (25, 27) . In either case, spore survival in the field would be enhanced.
The structure of ascoquinone A contains an unusual dibenzyl ether linkage that has not been previously reported in bisanthraquinones (20, 44 3D ) (18) . Thus, on the basis of this structural comparison, we propose that ascoquinone A is likely to be derived from a PKS-generated octaketide. The similarity between the structures of polyketides can often be used to detect evolutionary relationships (1) . The presence of a similar polyhydroxy anthraquinone nucleus in both ascoquinone A and norsolorinic acid raises the possibility that the materials are related (Fig. 3) .
Townsend et al. (41, 42) have provided evidence that norsolorinic acid is derived from an octaketide. However, in this case, hexanoate appeared to serve preferentially over acetate as the starter unit (this conclusion has been challenged [14] (32) . Structural similarity between the spore pigments of any of these fungi and norsolorinic acid would also support our hypothesis that aflatoxins evolved from pigment precursors.
An evolutionary relationship between spore pigments and secondary metabolites has been proposed in another context, i.e., the Streptomyces spore pigments and antibiotics (actinorhodin) (15) . Isolating and sequencing the asexual and sexual spore pigment PKS genes from aspergilli (30) 
